The immunophilin FK506 binding protein 12 (FKBP12) is associated with and modulates the ryanodine receptor calcium release channel of skeletal muscle. Ryanodine receptor has amino acid homology and functional similarity with another intracellular Ca2+ release channel, the inositol 1,4,5-trisphosphate receptor (IP3R). In the present study we show that highly purified preparations of IP3R contain FKBP12. The complex of these two proteins is disrupted by the immunosuppressants FK506 and rapamycin, both of which are known to bind FKBP12 with high affinity. Disrupting the IP3R-FKBP12 interaction increases Ca2+ flux through IP3R, an effect that is reversed by added FKBP12. FKBP12 appears to be physiologically linked to IP3R, regulating its Ca2+ conductance.
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The immunophilins are a family of proteins that mediate the actions of immunosuppressant drugs such as cyclosporin A (CsA), FK506, and rapamycin. CsA is a cyclic undecapeptide of fungal origin that binds to members of the cyclophilin class of immunophilins (1) . FK506 (2) . Though the cyclophilins and FKBPs display no amino acid sequence similarity, they both possess prolyl isomerase (rotamase) activity, associated with protein folding, which is inhibited by their respective immunosuppressant ligands. The immunosuppressant actions of these drugs are not derived from inhibition of immunophilin rotamase activity. Instead, the complex of CsA-cyclophilin or FK506-FKBP12 binds to the protein phosphatase calcineurin to inhibit its activity, thereby augmenting phosphorylated calcineurin substrates such as NFAT, a transcription factor that regulates interleukin 2 (IL-2) gene transcription (3) (4) (5) . The immunosuppressant actions of rapamycin differ from those of CsA and FK506, influencing the actions of IL-2 rather than its synthesis (6) . While rapamycin binds with high affinity to FKBP12 (and inhibits its rotamase activity), the rapamycin-FKBP complex does not interact with calcineurin, but with a recently identified target protein designated RAFT (rapamycin and FKBP12 target) or FRAP (FKBP-rapamycinassociated protein) (7, 8) .
Recently Fleischer and associates (9) (12) . Intracellular Ca2+ release is predominantly mediated by RyR and by inositol 1,4,5-trisphosphate (IP3) acting through the IP3 receptor (IP3R) calcium release channel (13) . IP3R and RyR display extensive amino acid sequence homology and functional similarities (14, 15 
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column and washed with 0.8 ml of buffer without BSA. IP3R was recovered in this fraction (as determined by [3H]IP3 binding, data not shown) whereas free FKBP12 was recovered in a later fraction (data not shown).
Effect of FKBP12 on Ca2+ Flux. Cerebellar microsomes were prepared from rat brain as described (18) . One milliliter of microsome preparation (1 mg of protein per ml) was treated with FK506 or ethanol as above. Microsomes were then diluted with 10 ml of microsome buffer (20 mM Hepes, adjusted to pH 7.35 with KOH/0.25 M sucrose), and repelleted by centrifugation for 1 hr at 100,000 X g (Beckman TI-60 rotor). The supematant was removed and microsome pellets were resuspended in 1 ml of microsome buffer. Samples were treated with 100 nM FKBP12 or vehicle for 2 hr at 4°C (see Fig. 4 ). Loading rate over 3 hr and response to IP3 were monitored (see Figs. 4 and 5).
RESULTS
Association of FKBP12 and IP3R. We purified IP3R from rat cerebellum utilizing a heparin column followed by a concanavalin A column. Purified IP3R was loaded onto an FPLC Superose 6 column, which separates proteins according to their molecular mass (Fig. 1 (7) indicates a perfect match.
FK506 dissociates FKBP12 from RyR (11). We treated purified IP3R with FK506, CsA, or rapamycin, repurified IP3R over an IP3-agarose affinity column to remove any drugimmunophilin complex, conducted SDS/PAGE analysis, and stained the gels by silver stain (Fig. 2) . Untreated preparations of IP3R possess a silver-stained band around 14 kDa, which reflects the mobility of FKBP12 in SDS/PAGE (electrophoretic properties of FKBP12 discussed in ref. 19) . In samples treated with FK506 or rapamycin, the 14-kDa band is absent, while it is retained in samples treated with CsA. These results are consistent with the fact that FK506 and rapamycin bind to FKBP12 while CsA does not. Fig. 1 ; Untreated, ethanol control vehicle added (final concentration of ethanol, 0.1%); +FK506, 10 ,uM FK506 added; +CsA, 10 ,uM CsA added; +Rapa, 10 ,uM rapamycin added. All (Fig. 4) as described (18, 20 
DISCUSSION
A major finding of this paper is the intimate association of FKBP12 with IP3R. Evidence for a physiologic interaction includes the continued association of the two proteins through an extensive purification procedure. Additionally, radiolabeled FKBP12 binds saturably and specifically to IP3R.
The dissociation of FKBP12 from IP3R elicited by FK506 or rapamycin further reflects the high specificity of interaction between the two proteins. Both FK506 and rapamycin inhibit the prolyl isomerase activity of FKBP12, suggesting that IP3R interacts with FKBP12 at the rotamase active site or an allosteric site that is conformationally altered by immunosuppressant binding.
The association of IP3R and FKBP12 and its disruption by rotamase inhibitors imply that the isomerase activity of FKBP12 alters the conformation of IP3R. This conforma- [EP3], -LOG (M) (12) . This suggests that reports of subconductance states for RyR reflect RyR from which FKBP12 has been dissociated during tissue preparation. The multiple subconductance states observed in such preparations may arise from the failure of RyR's four subunits to interact with maximal cooperativity. Presumably with IP3R, FKBP12 also stabilizes the Ca2+ channel, promoting optimal cooperativity between the channel's four subunits. It is likely that the prolyl isomerase activity of FKBP12 optimizes the conformation of IP3R to maximize channel stability. Consistent with this notion is our demonstration that inhibitors of rotamase activity such as FK506 and rapamycin cause leakiness in the channel's gating properties.
The prolyl isomerase activity of cyclophilin and FKBP12 has been proposed to mediate correct folding of proteins as they emerge from ribosomes (21) . Some experimental evidence indicates that this prolyl isomerase activity contributes to the physiologic conformation of collagen (22) and transferrin (23) . The present findings suggest that a major role of the immunophilins is to stabilize the optimal physiological conformations of already synthesized membrane proteins. For IP3R and RyR (12) , this isomerase activity appears particularly critical for regulation of ion channel activity. Recently, Patrick and associates (24) (Fig. 6) .
